Composites based on unsaturated polyester (UPe) resins and fumed silica AEROSIL® RY 50, NY 50, RX 50 and NAX 50, as well as graphite, TiO 2 or organically modified clay CLOISITE 30B were prepared in order to investigate the influence of reinforcing agents on the mechanical properties of composites. Unsaturated polyester resins were synthesized from maleic anhydride and products of glycolysis, obtained by depolymerization of poly(ethylene terephthalate) with dipropylene glycol (UPe1 resin) and triethylene glycol (UPe2 resin) in the presence of tetrabutyl titanate catalyst. The obtained unsaturated polyesters were characterized by FTIR spectroscopy, acid and hydroxyl values, and their mechanical properties were also examined. Significant increase of the tensile modulus, tensile strength and decrease of the elongation at break was observed for composites prepared after addition of 10 wt.% of graphite or 10 wt.% of TiO 2 to the UPe resins, indicating strong interaction between matrix and filler particles. On the other hand, nanocomposites prepared using UPe2 and hydrophobically modified silica nanoparticles showed lower tensile strength and tensile modulus than polymer matrix. The presence of CLOISITE 30B had no significant influence on the mechanical properties of UPe1, while tensile strength and tensile modulus of UPe2 increased after adding 10 wt.% of clay. Poly(ethylene terephthalate) (PET) is a semi-crystalline, thermoplastic polyester that exhibits very good mechanical properties, good barrier properties and high transparency. Because of this, it is used for the production of packaging materials for soft drinks, food and pharmaceuticals, synthetic textile, photo-paper and for engineering plastics (usually reinforced with glass fibers). The production and consumption of PET products recorded the fastest growth rate in the global plastics market, but the current consumption of plastic containers is generating a huge amount of polymer waste. PET accounts for more than 8 wt.% and 12 vol.% of the world's solid waste generation [1] .
sures and public need for the sustainable development, increased interest in recycling of plastics. Plastic recycling is important from several aspects, such as energy conservation, reduced oil consumption, saving space in landfills, reduced greenhouse gas emissions and the benefits of reuse [1] . Recycling of plastic materials is divided into four categories: primary (re-extrusion), secondary (mechanical), tertiary (chemical) and quaternary (energy recovery -incineration) [2] . Chemical processing of PET and reuse of the obtained products are the most important strategy for PET recycling. PET has ester groups that can degrade using a variety of reagents such as acids, bases or water (hydrolysis of PET) [3, 4] , alcohols (PET alcoholysis) [5] , amines (PET aminolysis) [6] , glycols (PET glycolysis) [7] [8] [9] , etc. In the PET glycolysis process, oligomeric products with terminal hydroxyl groups were obtained by PET depolymerization reaction with different glycol. The resulting oligomers can be used for the synthesis of various polymers, such as alkyd resins [10, 11] , polyurethanes [12, 13] or unsaturated polyester (UPe) resins [14] [15] [16] .
Unsaturated polyester resins are thermosetting polymers that are widely used in the preparation of polymer composites [17] [18] [19] . Extensive use of these materials is a consequence of their relatively low cost, 914 easy of processing, good compatibility with a variety of fillers, as well as large selection of various types. However, compared with other engineering polymers, unsaturated polyesters have lower mechanical and thermal properties, which limit their use for some applications. These imperfections can be removed by adding various modified fillers [20] [21] [22] [23] . Conventional fillers are used to improve the mechanical properties and to reduce the production costs, but their use is limited since they may lead to the phase separation and agglomeration of the filler particles, leading to a drastic deterioration of the material properties [24] .
The incorporation of clay into UPe resin can result in improvements of mechanical, thermal, barrier and chemical properties, wear resistance and flame retardancy [25] [26] [27] [28] [29] . This can be done with less clay content than what is usually used in most conventional composites.
The most commonly used clay for polymeric composites is montmorillonite (MMT), which belongs to the general family of 2:1 layered silicates [30] , and it is consisted of two fused silicate tetrahedral sheets sandwiching an edge-shared octahedral sheet of either aluminum or magnesium hydroxide. Only few works have been reported based on MMT-UPe resin derived from PET waste. Jo et al. [31] investigated mechanical properties and thermal stability of MMT-UPe nanocomposites and polymer concrete prepared using the MMTUPe nanocomposite, and found that the compressive strength, elastic modulus, and splitting tensile strength of the polymer concrete based on MMT-UPe nanocomposites exceeded those of polymer concrete obtained using pure UPe resin. Also, the polymer concrete made with MMT-UPe nanocomposite showed better thermal performance than that made of pure UPe resin. Water sorption and diffusion of the MMT-UPe system was investigated by Katoch et al. [32] . The authors concluded that nanocomposite samples show lower diffusion coefficient than pure UPe and it decreases with increasing nanofiller content up to 4% by weight.
In this work, hybrid materials based on UPe matrix and graphite powder (GP), TiO 2 , chemically modified clay CLOISITE 30B or chemically modified silica nanoparticles were prepared in order to study the influence of reinforcing agents on the mechanical properties of the obtained composite materials. Unsaturated polyesters were synthesized from di-hydroxyl functional product obtained by different methods of catalytic glycolysis of PET waste, using dipropylene glycol (DPG) and triethylene glycol (TEG), and maleic anhydride.
EXPERIMENTAL PART Chemicals
Hydroquinone (HQ), dipropylene glycol (DPG) and triethylene glycol (TEG) were obtained from Fluka. Organically modified clay CLOISITE 30B was obtained from Rockwood Clay Additives. CLOISITE 30B is a natural montmorillonite modified with alkyl quaternary ammonium salts, with 65% of molecules containing alkyl residue with 18 carbon atoms, 30% of the alkyl group with 16 carbon atoms and 5% of molecules containing alkyl groups with 14 carbon atoms. In the dry state, 90% of the clay particles have size below 13 μm. All chemicals were used as received without further purification.
Synthesis of UPe resins

Synthesis of UPe1
PET waste depolymerization was performed by glycolysis with DPG. In a four-necked flask of 250 ml, equipped with a mechanical stirrer, thermometer, condenser and inlet for nitrogen, 57.2 g of PET, 61.8 g of DPG and 0.2 g of TBT were placed ( Table 1 ). The glycolysis reaction lasted for 5 hours at 210 C, after which the reaction mixture was cooled to 90 C. The hydroxyl value of the resulting glycolyzate was 315 mg KOH g -1 . Then, a Dean-Stark evaporator was added onto the flask and maleic anhydride (38.0 g) and 0.02 g of HQ were added ( Table 1 ). The mixture was heated to 115 C, providing constant temperature for 1 h, and then the continual temperature increase was achieved at a heating rate of 15 C h -1 . When the reaction mixture temperature reached 150 C, xylene (3 wt.%) was added to provide continual water removal by binary azeotrope, assuring in this manner a driving force for reaching the end-point of the reaction at 210 C. After completion of the reaction, the obtained resin was cooled to 120 C, 0.02 g of hydroquinone dissolved in 0.2 ml of ethanol was added, and then vacuum distillation (water pump) was carefully applied for 1 h to remove low boiling compounds present in the final product. Then, the resin was cooled down to 100 C and styrene (40 wt.%) was added, followed by mixing to ensure homogeneity of the product (UPe1). 
H-and 13 C-NMR data of UPeresin
1 H-NMR (CDCl 3 ): 1.24 (m, 12H, O-CH 2 -CH(CH 3 )-O), 3.58 (m, 6H, O-CH 2 -CH(CH 3 )-O-CH 2 -CH(CH 3 )-O), 4.50 (m, 6H, O-CH 2 -CH(CH 3 )-O-CH 2 -CH(CH 3 )-O), 5.22 (d, 1H, sty- rene), 5.74 (d, 1H, styrene), 6.68 (q, 1H, styrene), 6.77 (m, 2H, O-(O)C-CH=CH-C(O)-O), 7.31 (m, 5H, styrene), 8.08 (m, 4H, H Ar ). 13 C-NMR (CDCl 3 ): 16.5 (O-CH 2 -CH(CH 3 )-O-CH 2 - -CH(CH 3 )-O), 18.4 (O-CH 2 -CH(CH 3 )-O-CH 2 -CH(CH 3 )-O), 70.3 (O-CH 2 -CH(CH 3 )-O-CH 2 -CH(CH 3 )-O), 70.7(O-CH 2 - -CH(CH 3 )-O-CH 2 -CH(CH 3 )-O), 73.4 (O-CH 2 -CH(CH 3 )-O- -CH 2 -CH(CH 3 )-O), 76.3 (O-CH 2 -CH(CH 3 )-O-CH 2 -CH(CH 3 )- -O),4 (O-C(O)-CH=CH-C(O)-C), 174.1 (O-C(O)- -Ar-C(O)-O).
Synthesis of UPe2
Depolymerization of PET waste was performed by glycolysis with TEG. In a 250 ml four-necked flask, equipped with a mechanical stirrer, thermometer, condenser and inlet for nitrogen, 61.2 g of PET, 68.8 g of TEG and 0.2 g of TBT were placed ( Table 1 ). The reaction of glycolysis lasted for 5 hours at 210 C, after which the reaction mixture was cooled to 90 C. The hydroxyl value of the resulting glycolyzate was 292 mg KOH g -1 . Then, a Dean-Stark water separator was assembled on the flask and maleic anhydride (40.4 g) and HQ (0.02 g) were added ( 
Production of composites based on UPe1 and UPe2 resins
Unsaturated polyester samples, UPe1 and UPe2, were used as the polymer matrix for the production of composite materials with addition of the following fillers: various commercial organically modified SiO 2 nanoparticles (RX50, NAX50, RY50 and NY50), organically modified clay CLOISITE 30B, rutile TiO 2 or GP. The composites (UPeN/filler) based on UPeN (where index N designates UPe resin -Upe1 and UPe2) and selected filler were obtained by mixing (grinding) appropriate amount of filler with UPeN (60 wt.% in styrene), using both modified laboratory homogenizer and ultrasonic bath. The pure UPeN and composites, (UPeN/filler), based on UPeN (60 wt.% in styrene) were cured using benzoyl peroxide (1.0 wt.%) as initiator and N,N-dimethylaniline (0.5 wt.%) as an accelerator.
All experiments used for the preparation of composites were conducted in three steps: weighted UPeN and filler components were carefully blended (homogenized) for 30 min using a modified laboratory homogenizer. In the second step, the sticky paste was transferred to an ultrasonic bath and treated under ultrasound for 15 min at 30 C. The ultrasonic bath (Bandelin electronic, Berlin, Germany, power 120 W, frequency 35 kHz) was thermostated by circulating cold water through the jacket. After the addition of the accelerator and blending in a modified laboratory homogenizer at high speed (800º/min) for 1 min, the initiator was added, and the obtained uncured composite was then blended at 800 C/min for 1 min and used for loading in PTFE mould. In this manner, UPeN/ /filler(n) were obtained, where index (n) designates percent of added filler (clay CLOISITE 30B: 0.25, 0.5, 1.0, 2.5, 5 and 10 wt.% and the amount of other fillers was 10 wt.%).
Characterization
The composition of the obtained product of glycolysis and the obtained unsaturated polyesters was determined using NMR and FTIR spectroscopy. 1 H and 13 C-NMR spectra were recorded on Varian Gemini 200 instrument Spectra at room temperature in deuterated chloroform (CDCl 3 ). Chemical shifts were expressed in ppm (δ) values relative to TMS (tetramethylsilane) in the 1 H-NMR spectra, and the residual solvent signal in 13 C-NMR spectra. FTIR spectra were recorded in the transmission mode, using a Bomem MB, series Hartmann & Braun, spectrometer and samples in the form of film or KBr tablet. The gel time of the samples was determined from the cure exotherm, measured according to ASTM D2471-99. The acid (AV) and hydroxyl (HV) values were determined according to ASTM D3644 and ASTM D2849 methods, respectively. The number average molecular weight, M n , of the synthesized UPe was calculated as:
Stress-strain curves of cross-linked polyester samples and composite materials were obtained from uniaxial tensile experiments, which were carried out at room temperature by the standard method (ASTM D882). Specimens of the materials were prepared in a standard size, and subjected to testing by the use of Testing Machine, AG-Xplus HS, Shimadzu, Japan. Tensile strength, elongation at break and Young's modulus (tensile modulus) for all samples were determined as the mean of five measurements.
RESULTS AND DISCUSSION
As a starting material for unsaturated polyester resins synthesis, intermediate products obtained by depolymerization of PET waste bottles were used. Glycolysis of PET waste with dipropylene glycol or triethylene glycol in the presence of catalysts tetrabutyl titanate was performed. Hydroxyl value of the products obtained by glycolysis in the presence of DPG was 315 mg KOH g -1 , and 292 mg KOH g -1 when TEG was used. Based on the determined hydroxyl values of intermediary products, the number average molecular weight obtained by calculation according to Eq. (1) was 356 g mol -1 in the case of DPG and 384 g mol -1 when TEG was used. AV, HV and values of M n of the synthesized UPe1 and UPe2 are given in Table 2 . FTIR spectra of the products of PET glycolysis with DPG and TEG are shown in Figure 1 . The broad band at ≈3400 cm -1 originates from the stretching vibration of OH valence bond present in terminal hydroxyl groups. In the FTIR spectrum of the product of glycolysis based on TEG, the band at 2975 cm -1 , corresponding to the asymmetric deformation of C-H stretching vibration in the methyl group, was not observed due to the lack of methyl groups in TEG. This band is visible in the spectrum of the product of glycolysis based on DPG. Also, for the same reason there is no band at 1377 cm -1 , which originates from the bending vibration of C-H bonds present in the methyl group. The intense band, observed at ≈1720 cm -1 , originates from valence vibration of C=O present in ester group. The absorption bands between 1300 and 1100 cm -1 originate from C-O stretching vibrations, asymmetric and symmetric, respectively, present in ester group of terephthalic acid. The band at 879 cm -1 originates from the deformation vibrations of aromatic C-H out of plane connections. It is characteristic of 1,4-disubstituted benzene ring, which in this case comes from the terephthalic acid moiety.
After the reactions of glycolysis, maleic anhydride at the molar ratio of hydroxyl and carboxyl groups of 1.1, was added in the flask. Figure 1 shows also FTIR spectra of the synthesized unsaturated polyesters UPe1 and UPe2. Comparison with spectra of starting product indiates significant reduction in the intensity of band at 3400 cm -1 , which originates from the stretching vibration of OH groups. Also, band at 1078 cm -1 , which is derived from the alcoholic C-O stretching deformation vibration, is reduced. At the same time, the appearance of new bands at 1644 and 979 cm -1 can be observed in the FTIR spectrum of UPe1 resin, which correspond to the C=C stretching (skeletal) vibration of benzene ring and out of plane bending vibrations of 1,2-trans disubstituted C=CH group, present in maleic acid fragment, respectively. Aromatic C-H stretching vibration, overlapped with vinyl group, appeared in the region 3076--3010 cm -1 in the spectra of the synthesized UPe. The cure exotherms of UPe1 and UPe2, cross-linked with 1.0 wt.% benzoyl peroxide and 0.5 wt.% N,N--dimethylaniline, are presented in Figure 2 . According to these results, the maximum curing temperature of UPe1 (88 C) was quite higher and reached earlier (13 min) than for UPe2 (41 C after 21 min). Curing reaction of UPe1 is faster than curing reaction of UPe2, due to the better miscibility of polyester resin containing DPG with styrene than the resin containing TEG.
Results of the studies of mechanical properties are shown in Figures 3-7 , and the values of tensile strength,  p , elongation at break,  b, and tensile modulus, E, of cured UPe1 and UPe2 resins, as well as of corresponding composites are given in Tables 3 and 4 . According to the results it could be noticed that cross-linked sample UPe1 showed greater tensile strength and modulus, and lower elongation at break than the crosslinked sample UPe2 (Figure 3, Tables 3 and 4) . The reason for this behavior lies in the different flexibility of polyester chain. In the case of polyester Upe2, based on TGE, the spacing between the double bonds in polyester chains is larger than in the UPe1 polyester chains causing more flexible Upe2 chains. Nanocomposites based on UPe1 and clay have no significantly different mechanical properties, i.e., tensile strength and elongation at break are slightly modified, and tensile modulus decreases with increasing clay content and this change is less than 10% compared to the pure polyester ( Figure 4 , Table 3 ).
The greatest influence on the mechanical properties of the composites was found when graphite and TiO 2 (10 wt.%) were added as fillers, which is reflected as significant increase of the tensile modulus, tensile strength and decrease of the elongation at break compared to the corresponding UPe resins ( Figure 5 , Table  3 ). In the case of nanocomposites prepared from UPe2 resin, the addition of hydrophobically modified silica nanoparticles leads to decrease of tensile strength and tensile modulus, which indicates a weak interaction between the filler particles and the polymer matrix ( Figure 6 , Table 4 ). The largest decrease in tensile strength and tensile modulus was observed in composite samples obtained after addition of nanofiller particles AEROSIL® RY50, due to low intensity of interaction between nanofiller, modified with silicone oil, 918 Figure 7 , Table 4 ).
CONCLUSION
Maleic anhydride and di-hydroxyl functional products obtained after catalytic glycolysis of PET waste, using dipropylene glycol or triethylene glycol, were used for the synthesis of unsaturated polyesters. The glycolyzed products and UPe resins were characterized by FTIR spectroscopy, acid and hydroxyl value. Curing reaction of UPe1 was faster than curing reaction of UPe2 due to the better miscibility of styrene with polyester resin based on glycolyzed product which contains DPG. Due to the higher polymer chain rigidity, UPe1 showed higher tensile strength and modulus, and lower elongation at break than UPe2.
The obtained UPe resins were further used as matrix for the synthesis of composites using chemically modified silica nanoparticles or clay CLOISITE 30B, as well as graphite powder or TiO 2 as fillers. The influence of reinforcing agents on the mechanical properties of the prepared composites was investigated. It was shown that the addition of CLOISITE 30B to the UPe1 had no significant influence on the mechanical properties, while tensile strength and tensile modulus of UPe2 increased after adding 10 wt.% of clay. The greatest influence on the mechanical properties of the composites was found when graphite and TiO 2 (10 wt.%) were added as fillers to the synthesized UPe, which is reflected as significant increase of tensile modulus, tensile strength and decrease of the elongation at break, indicating strong interaction between matrix and filler particles. On the other hand, tensile strength and tensile modulus of nanocomposites prepared from UPe2 resin and hydrophobically modified silica nanoparticles decreased, while the composite prepared with AEROSIL® RY50 had the lowest mechanical properties.
